WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 



mm 



PCT 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 6 
C03C 10/04 



Al 



(11) International Publication Number: WO 98/46540 

(43) International Publication Date: 22 October 1998 (22.10.98) 



(21) International Application Number: PCT/NO97/00I69 

(22) International Filing Date: 2 July 1997 (02.07.97) 



(30) Priority Data: 
971714 



14 April 1997 (14.04.97) 



NO 



(71) Applicant (for all designated States except US): NORSK 

HYDRO ASA [NO/NO]; N-0240 Oslo (NO). 

(72) Inventor; and 

(75) Inventor/Applicant (for US only): BUDD, Michael [GB/NO]; 
Jonnholt Terrasse 21, N-3922 Porsgrunn (NO). 

(74) Agent: SUNDNES, Arne; Norsk Hydro ASA, N-0240 Oslo 
(NO). 



(81) Designated States: AL, AM, AT, AU, AZ, BA, BB, BG, BR, 
BY, CA, CH, CN, CU, CZ, DE, DK, EE, ES, FI, GB, GE, 
HU, 1L, IS, JP, KE, KG, KP, KR, KZ, LC, LK, LR, LS, LT, 
LU, LV, MD, MG, MK, MN, MW, MX, NO, NZ, PL, PT, 
RO, RU, SD, SE, SG, SI, SK, TJ, TM, TR, TT, UA, UG, 
US, UZ, VN, ARIPO patent (GH, KE, LS, MW, SD, SZ, 
UG, ZW), Eurasian patent (AM, AZ, BY, KG, KZ, MD, 
RU, TJ, TM), European patent (AT, BE, CH, DE, DK, ES, 
FI, FR, GB, GR, IE, IT, LU, MC, NL, PT, SE), OAPI patent 
(BF, BJ, CF, CG, CI, CM, GA, GN, ML, MR, NE, SN, TD, 
TG). 



Published 

With international search report. 



(54) Title: GLASS CERAMIC MATERIAL AND ITS USE AS MEANS FOR JOINING DIFFERENT TYPES OF MATERIAL AND AS 
SUPPORT 

(57) Abstract 

The present invention relates to glass ceramic material and its use as means for joining different types of material and as support. 
Said glass ceramic material comprising, on a weight percent basis, 10-35 % MgO, 10-55 % BaO and 25-50 % Si02 and is formed by 
the following steps: a) melting of glass raw material at a temperature in excess of 1450 °C and that the thereby formed melt is cooled 
rapidly to a temperature below 900 °C and thereafter to ambient temperature to form a precursor glass, b) milling of the precursor glass 
into a sinterable glass powder with an average particle size in the range of 1 micron to 100 microns, c) forming of the glass powder into a 
green body of suitable shape, with or without organic processing aids, and subjecting said green body to a thermal treatment comprising a 
heating stage of average heating rate not exceeding 100 °C/minute between the temperatures of 750 °C and 900 °C. 
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Glass ceramic material and its use as means for joining different 
types of material and as support 

The present invention relates to a self-supporting glass-ceramic material 
possessing high softening temperature (- 1000°C or above) and a thermal 
expansion coefficient in excess of 10x10" 6 °C' 1 (20-950°C). 

The invention further comprises use of the glass ceramic material for joining 
different types of material. 

There are many technologically important applications where the special 
properties of ceramic materials are utilised, e.g. to provide electrical insulation, 
wear resistance, stability against oxidation etc. Frequently these ceramics are 
used in direct combination with other materials with very different physical 
properties, and they are often required to operate at high temperatures. In 
applications where a ceramic component is joined rigidly to a dissimilar material 
and the assembly is subject to temperature changes after the joining operation, 
there is a strong need to match the thermal expansion characteristics of the two 
materials. Failure to do so will reduce the reliability of the joint and will often lead 
to fracture. 

Glass-ceramics, a class of materials produced by the controlled crystallisation of 
vitreous precursors, have proved particularly successful when employed in 
applications where they are bonded directly to other materials, primarily due to the 
ease with which their thermal expansion coefficients can be tailored to match a 
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diverse range of substrate materials. As a general rule, though, the 
glass-ceramics with high thermal expansion coefficients (CTE) (above 10x10" 6 °C" 1 
)(20-950°C) are limited in terms of their maximum temperature of application 
because they soften at relatively low temperatures, often below 850°C. This is 
especially true for glass-ceramics with high coefficients of thermal expansion 
which are commonly used for sealing to stainless steels and other metals with 
moderate to high expansion such as. those based on the Li 2 0-Si0 2 or 
Li 2 0-ZnO-Si0 2 systems. 

There are some applications, however, where both high thermal expansion 
coefficient and high softening temperature (~1000°C or above) are required in 
combination with excellent oxidation/reduction resistance in various atmospheres. 
In particular, there is a demand for this combination of properties within the field 
of high temperature electro-chemical cells, e.g solid oxide fuel cells (SOFCs), 
oxygen separators operating with oxygen ion conducting ceramic membranes etc. 
In addition to the requirements regarding expansion and chemical stability, there 
is usually also a need for good microstructural stability and low electrical 
conductivity at the operating temperature. 

The use of porous, oxide-based supports for gas-separation membranes is 
generally known, and supports based on alumina, silica and microporous glass 
(e.g. Vycor®) are available commercially and have been widely used, as referred 
to in EP 0 515 936 A1. These porous support materials, however, are designed 
to support thin (<5um) membranes which themselves contain micropores up to a 
few nanometers in diameter and which separate gases by a physical filtering 
process. The inherent microstructural instability of these membrane materials 
with extremely small pores imposes an upper temperature limit of about 500°C on 
their operation, since above this temperature pore collapse is possible. The 
thermal stability of the membrane support material at temperature above 500°C is 
therefore irrelevant in this particular application area. In addition, the requirement 
of matching the thermal expansion of the support to that of the membrane is far 
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less stringent because the membrane is so thin and because the highest 
operating temperature is limited to ~500°C. 

In other disclosures, e.g. US Patents 2,920,971 and 3,157,522 and GB Patent 
1.402,960, porous glass-ceramic bodies with good thermal stability at 
temperatures as high as 1400X are described. The materials of these inventions 
are intended for use as catalyst supports, with particular application in vehicle 
exhaust control systems. These materials are required to have very high 
resistance to thermal shock and are therefore based on glass-ceramics with low 
thermal expansion coefficients, with cordierite, celsian, U-spodumene and mullite 
as the preferred crystal phases. Although the refractoriness of these 
glass-ceramic supports is excellent, they are not suitable for use in contact with 
dense, ion/electron conducting ceramic membranes because of the severe 
mismatch in thermal expansion coefficients. 

High expansion glass-ceramics based on the MgO-BaO-Si0 2 -B 2 0 3 are described 
by Chyung in US Patent 4,385.127 and by Hang et al. in US Patent 4,256,796. 
The application of these materials, however, is restricted to insulating or 
protective coatings on metal alloy substrates. The glass-ceramics described by 
Chyung and by Hang et al. have boron oxide contents of at least 5% by weight. 
High expansion glass-ceramics with improved refractoriness are described by 
Andrus & MacDowell in US Patent 5,250,360. These are essentially based on the 
barium silicate and strontium silicate systems with various oxide additions, but 
with little or no B 2 0 3 or alkali metal oxides such as Na 2 0 and K.O. In the 
invention of Andrus & MacDowell the application of the glass-ceramics is again 
limited to the coating of metal alloy substrates to provide protection from oxidising 
atmospheres and a barrier to heat transport. One important feature of the 
glass-ceramics described by Andrus & MacDowell is that cristobalite forms in the 
glass-ceramic coating immediately adjacent to the metal alloy interface, as this is 
found to enhance coating quality. 
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The main object of the present invention is to obtain solid, self-supporting 
glass-ceramic materials with a combination of high thermal expansion coefficient 
(above 10x10 6 <> C" 1 )(20-950°C) and high softening temperatures (~1000°C or 
above). 

Another object of the present invention is to obtain glass-ceramic material with 
level of open porosity tailored to suit specific modes of application. 

A further object of the invention is to obtain glass ceramic material suited for use 
as means for joining different type of material. 

A further object of the invention is to obtain glass-ceramic material suited for use 
in combination with dense, ion/electron conducting ceramic membranes where the 
operating temperatures are typically 800-1 000°C and where there is a strong 
need to match the high thermal expansion coefficient of the membrane material. 

The inventor found that by processing certain glass raw materials according to a 
selected route, a glass ceramic material having the properties mentioned above 
could be obtained. 

The glass-ceramics of this invention are formed by the controlled sintering and 
crystallisation of glass powders from the MgO-BaO-Si0 2 system, and in being 
produced by a powder route, they are amenable to many of the processing 
techniques employed in ceramic engineering, such as isostatic pressing, tape 
casting, extrusion, injection moulding etc. The applicability of existent forming 
technology means that fabrication of relatively large and if necessary, intricately 
shaped components is possible with these materials. 

The glass-ceramics of the present invention have compositions on a weight 
percent basis in the general range 10-35% MgO, 10-55% BaO and 25-50% Si0 2 . 
Additionally, the glass-ceramic may contain up to 5% B 2 0 3 and up to 15 % of 
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other metal oxides and other components known in the field of glass ceramics 
such as fluorides, nitrides etc. The major crystal phases developed in these 
glass-ceramics are magnesium barium silicate (2MgOBa02Si0 2 ) and enstatite 
(MgOSi0 2 ). The magnesium barium silicate phase (2MgO.Ba0.2Si0 2 ) is 
considered to be responsible for the high thermal expansion coefficient, in 
particular at temperatures above 700°C. 

The preferred composition for these high expansion glass-ceramics lies within the 
range 12-30% by weight of MgO, 15-50% by weight of BaO and 30-45% by weight 
of Si0 2 with up to 3% by weight of B 2 0 3 and up to 15% by weight of other metal 
oxides and suitable glass ceramic components such as fluorides, nitrides etc.. 

The process for forming the magnesium barium silicate glass-ceramics can be 
divided into following parts: 

1) Melting of the glass-components and cooling to produce solid precursor 
glass suitable for pulverisation 

The raw materials should be mixed evenly to produce a homogeneous batch. 
The glass batch should be heated in a suitable container to a temperature in 
excess of 1450°C, and preferably a temperature in excess of 1500°C for a period 
of time sufficient to ensure that complete melting is obtained. Steps may be taken 
at this stage to improve the homogeneity of the melt (e.g. by stirring, passing 
bubbles through the melt or by quenching, crushing and remelting). The molten 
glass should be cooled rapidly to a temperature below 900°C and thereafter to 
ambient temperature. Preferably the molten glass is quenched directly into cold 
water to produce glass frit / precursor glass, which, when dry, is easily broken 
down during milling. Many of the precursor glasses are very unstable and even on 
quenching into water tend to show some degree of devitrification. It has been 
found that a small amount of devitrification in the glass frit can be tolerated 
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without adversely affecting the sintering behaviour, but care should be taken to 
limit the degree of uncontrolled devitrification as far as possible. 

2) Reduction of particle size of the precursor glass to produce a sinterable 
powder 

Virtually any comminution technique is applicable for the pulverisation of the 
precursor glass. The degree to which the particle size is reduced has been found 
to be very important in determining the porosity characteristics of the final 
material, so it is a processing stage which needs to be well controlled in order to 
arrive at the desired particle size distribution. It has been observed that 
acceptable sintering behaviour is obtained with an average particle size in the 
range 1 micron to 100 microns. It is preferable, however, to use glass powders 
with an average particle size between 2 microns and 50 microns. In the case 
where a dense glass-ceramic is required, reducing the average particle size 
below 1 micron can be detrimental as premature crystallisation and a consequent 
reduction in sintering efficiency can result, leading to a glass-ceramic with an 
increased level of porosity after heat-treatment. On the other hand, if the average 
particle size of the precursor glass powders is above 100 microns, the driving 
force for densification (i.e. reduction in surface area) is small, and the resulting 
glass-ceramics have coarse microstructures with large pores and they have poor 
mechanical properties. 

3) Consolidation of the powder to form the green body 

The forming of the glass powder into a green body can be achieved in many 
ways. Any consolidation or shaping technique which is applied in ceramic 
engineering is considered applicable, and the use of organic or other processing 
aids has been found to be beneficial but not essential. Typical techniques which 
might be employed to form the precursor glass powder into an appropriately 
shaped green body are pressing, cold isostatic pressing (CIP), tape casting, 
injection moulding, extrusion, etc. 
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4) The thermal treatment of the green body to produce a sintered 
glass-ceramic body possessing a high thermal expansion coefficient and a 
high softening temperature. 

After forming, the green body is subjected to a controlled heat-treatment during 
which the glass powder sinters and crystallises to form the high expansion 
glass-ceramic. The rate of heating, the temperature of any holdings stages, the 
maximum temperature of heat-treatment, and the rate of cooling are all important 
parameters in determing the final properties of glass-ceramics. In particular, the 
rate of heating through the sintering range is critical as it has a very strong 
influence on the overall degree of sintering and also affects the ability of the 
powder compact to support itself during sintering. 

In the case where organic processing aids have been used in the milling of the 
precursor glass powder or the shaping of the green body, the thermal treatment 
should be designed to allow the complete removal of these processing aids prior 
to the commencement of sintering. This would normally involve slow heating (e.g. 
<2°C/min) in an oxygen containing atmosphere to a temperature above 300°C, 
and preferably above 400°C. 

The powder compact should be heated through the temperature range 750°C to 
900°C at an average heating rate not exceeding 100°C/minute in order to initiate 
controlled sintering whilst avoiding undue deformation. This stage clearly 
differentiates the glass-ceramics according to the present invention from those of 
overlapping composition which are applied as coatings on metals (e.g. US Patent 
5,250,360) since these are required to be heated rapidly in order to achieve good 
flow and wetting of the metal alloy substrate. Holding at a temperature within the 
range 750°C to 900°C to optimise sintering is optional. Normally, though not 
essentially, the material is then heated to a temperature in excess of 900°C for a 
period of time sufficient to ensure that a degree of crystallisation of at least 50 
vol% has been attained. During this time at temperatures above 900°C the 
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purpose is to arrive at the desired crystalline phase constitution so as to give the 
required thermal expansion characteristics and, additionally to continue the 
sintering process such that the level of porosity has been reduced to the desired 
level. The sintered body is then cooled to room temperature at such a rate that 
damage arising from thermal shock is avoided. 

Following thermal treatment, the glass-ceramic body can be machined to its final 
dimensions by conventional machining methods. 

The processing procedures covered above are particularly suited to the formation 
of dense high expansion glass-ceramics. 

In some applications such as those involving porous supports for dense ceramic 
membranes mentioned above, a controlled amount of porosity is desirable. 
Various methods are available in this class of material for the introduction of 
porosity. As mentioned above, the particle size of the precursor glass powder is a 
very important factor in determining the overall level of porosity. In particular, 
reduction of the glass powder to sub-micron sizes has been frequently observed 
to inhibit sintering and lead to glass-ceramics with interconnected porosity. This 
method, however, is not the preferred method as it is not easy to control, and its 
effectiveness varies from one material to another. A better method which was 
found was to make changes in the composition of the precursor glass in order to 
inhibit sintering. In this case, exclusion of oxides such as Al 2 0 3 , B 2 0 3 and ZnO 
has been found to inhibit sintering and promote the generation of microstructures 
with interconnected porosity. In addition, inclusion of oxides such as CuO, Kfi 
and NiO in small amounts (0-5 wt%) has been found to reduce the sinterability of 
the powders and often leads to glass-ceramics with open porosity. This method, 
however, also has some limitations since altering the chemistry of the precursor 
glass inevitably has an impact on its expansion characteristics, which in some 
instances can be undesirable. Yet another method of promoting porosity in these 
glass-ceramics is to heat very slowly (<2°C/min) through the temperature range 
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where sintering and crystallisation occur, (i.e.750°C to 900°C). This method is 
particularly effective for those materials which have the highest thermal expansion 
coefficients after heat-treatment since it is these which have been found to have 
the poorest sinterability. 

A preferred method for controlling the degree of open porosity and the general 
scale of the porosity is the admixture of pre-crystallised glass-ceramic powder to 
the precursor glass powder prior to the formation of the green body. In this case 
the higher the proportion of pre-crystallised powder in the mixture, the poorer the 
sintering and higher the level of residual porosity in the heat-treated 
glass-ceramic. When used in combination with variation of the powder particle 
size to control the sinterability, this method has the advantage that both the scale 
and the degree of porosity can be altered. The mixing of pre-crystallised and 
glassy powders of the same composition gives the benefit that the expansion 
characteristics of the final material are largely independent of the degree of 
porosity. 

The invention relates primarily to forming self-supporting glass-ceramic material 
possessing high softening temperature 1000°C or above) and a thermal 
expansion coefficient in excess of 10x10" 6 °C" 1 (20-950°C) comprising, on a 
weight percent basis, 10-35% MgO, 10-55% BaO and 25-50% Si0 2 
by the following steps: 

a) melting of glass raw material at a temperature in excess of 1450°C and 
that the thereby formed melt is cooled rapidly to a temperature below 
900°C and thereafter to ambient temperature to form a precursor glass, 

b) milling of the precursor glass into a sinterable glass powder with an 
average particle size in the range 1 micron to 100 microns, 
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c) forming of the glass powder into a green body of suitable shape, with or 
without organic processing aids, and subjecting said green body to a 
thermal treatment comprising a heating stage of average heating rate not 
exceeding 100°C/minute between the temperatures of 750°C and 900°C. 

The preferred composition of the glass ceramic material, on weight percent basis 
is 10-35% MgO, 10-55% BaO and 25-50% Si0 2 and up to 5% B 2 0 3 and possibly 
up to 15% of other metal oxides and suited glass ceramic components such as 
fluorides, nitrides etc. 

In step b) in the formation of the above glass ceramic material the average 
particle size of the glass powder is preferably 2-50 microns. 

Another embodiment is that a pre-crystallised glass powder having the same 
composition as the precursor glass powder is added to the precursor glass 
powder from step b) prior to formation of the green body and that the 
pre-crystallised glass powder is produced by heating a cooled precursor glass 
from step a) to a temperature in excess of 800°C to initiate crystallisation, and 
then milled as in step b). 

The green body in step c) is further heated to a temperature in excess of 900°C, 
preferably in excess of 1000°C, to attain a degree of crystallisation of at least 50 
vol%. 

Another embodiment of the invention is to use the glass ceramic material as 
means for joining different types of material having identical or different thermal 
expansion coefficients and use the glass ceramic material as a support material 
for an ion/electron conducting ceramic membrane. 
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The scope and special features of the invention are as defined by the attached 
claims. 

The invention is further explained and envisaged in the following examples. 

The chemical compositions of some of the precursor glass and glass-ceramics 
within the scope of this invention are given in Table 1 by way of example. The 
compositions are given as a weight percentage on an oxide basis. 

Table 1 Compositions of MgO-BaO-Si0 2 Based Glass-Ceramics 



Glass no. 


Si0 2 


MgO 


BaO 


ZnO 


Bp 3 


Al 2 0 3 


SrO 


K 2 0 


1 


43.3 


22.9 


24.9 


5.3 


1.1 


2.5 






2 


36.1 


19.8 


37.5 


3.4 


1.0 


2.2 






3 


36.7 


20.1 


38.2 


3.5 


1.5 








4 


35.4 


19.4 


36.8 


3.4 


2.9 


2.1 






5 


38.9 


23.1 


31.2 


3.7 


1.6 


1.5 






6 


41.2 


26.4 


24.4 


3.9 


1,7 


2.4 






7 


45.5 


30.6 


13.2 


2.8 


1.8. 


6.1 






8 


38.3 


21.2 


31.4 




1.5 


1.5 


6.1 




9 


38.2 


16.8 


34.5 


4.7 


1.1 


2.1 




2.6 


10 


32.6 


14.5 


46.9 


3.1 


0.9 


2.0 






11 


37.2 


18.7 


36.6 


4.6 




2.9 







Example 1 

This example shows high expansion glass-ceramics which are processed in such 
a way that they are dense after heat-treatment; i.e. they have no open porosity. 
Examples of the thermal expansion characteristics of these materials after 
heat-treatment of powder compacts are presented in Table 2. The average 
particle size for the precursor glasses was 5-10 microns for all materials listed in 
Table 2. 
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Table 2 Thermal Expansion Characteristics of MgO-BaO-Si0 2 Based Glass 
Ceramics 



Glass 


Heat-treatment 


CTEr20-950°Cl 

(10-* °c- 1 ) 


Dilatometric Soft 
Point (°C) 


No 


Heating 
Rate (500°C 
to hold 
temp) 


Holding Stage 
(Temperature/ 
time) 


Cooling Rate 
(Holding 
stage to 
<700°C) 


1 


6°C/min 


1100°C/1h 


10°C/min 


12.2 


1040 


1 


6°C/min 


1000°C/1h 


10°C/min 


13.3 


1020 


2 


12°C/min 


1100°C/1h 


10°C/min 


15.4 


1020 


3 


12°C/min 


1100°C/1h 


10°C/min 


15.1 


990 


3 


12°C/min 


1100°C/1h 


2°C/min 


16.2 


1005 


4 


12°C/min 


1100°C/1h 


2 D C/min 


13.3 


950 


5 


6°C/min 


1100°C/1h 


2°C/min 


13.9 


1010 


6 


6°C/min 


1100°C/1h 


2°C/min 


11.7 


1035 


7 


12°C/min 


1100°C/1h 


2°C/min 


9.3 


1100 


8 


12°C/min 


1100°C/1h 


2°C/min 


12.8 


1005 


9 


12°C/min 


1100°C/1h 


10°C/min 


16.4 


1025 


10 


6°C/min 


1100°C/1h 


10°C/min 


14.7 


970 



The grain size of these glass-ceramics in table 2 is dependent on the particle 
size distribution of the precursor glass powders. Within the range examined, 
(i.e. average particle size of precursor glasses 5-10 microns) the glass ceramic 
grain size was found to be an average of 1 - 5 microns. The grain morphology 
was found to be predominantly lathe- or lens-like with an aspect ratio of 2-5, and 
the mechanical properties resulting from this type of microstructure were found to 
be moderate to good (>100MN*m* 2 ). 

The sintering characteristics of the various precursor glass powders have been 
found to be sufficiently compatible to allow structures with graded expansion 
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characteristics to be produced by co-sintering of different powders. In one such 
method components with graded thermal expansion coefficients were produced by 
cold (room temperature), uniaxial pressing in a cylindrical metal die. A 
combination of a polyacrylate binder and a chlorinated parafin plasticizer was 
added to the various precursor glass powders or mixtures thereof prior to pressing 
of the green body. Layers were built up individually in the die cavity, and each 
one was subjected to a uniaxial pressure of 125 MN-m* 2 prior to introduction of the 
powder of succeeding layer. Once all layers were in place, the laminate was 
subjected to an uniaxial pressure of 250 MNnrf 2 prior to removal from the die. The 
laminates were heat-treated to a temperature of 1 100°C for 1 hour and cooled at 
2°C/minute. Crack-free, graded expansion bodies covering the expansion range 
<10x10" 6 to >16x10' 6 °C~ 1 (20-950°C) could be consistently produced where the 
increment in expansion coefficient between adjacent layers was maintained below 
0.8x1 0' 6 °C' 1 (20-950°C). The thickness of individual layers of the laminate was 
varied within the range of 0.5-1. 5mm without apparent influence in the incidence 
of cracking. Other methods of producing graded expansion components, such as 
dip coating and tape casting/lamination are equally applicable to these 
MgO-BaO-Si0 2 based glass-ceramics. 

The successful use of these high expansion glass-ceramics as bonding media 
has been demonstrated in two ways. Taking high expansion ceramics such as 
stabilised zirconia, nickel oxide and the heat-treated glass-ceramics themselves 
as substrate materials, bonding trials were performed using glass-ceramics with 
appropriate expansion characteristics (closely matched in expansion coefficient or 
slightly lower in expansion). In the first method, the precursor glass powder was 
made up into a paste using a suitable organic suspending medium and applied 
directly between the surfaces to be joined. After drying, the joints were 
heat-treated at 12°C/minute up to a final temperature in the range 1 000-1 100°C. 
Joining was accomplished without the need to apply pressure between the 
surfaces to be bonded. 
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In the second method, thin glass powder preforms were placed between the 
surfaces to be bonded. These preforms were produced either by tape casting and 
cutting or by pressing thin layer from the precursor glass powder using a similar 
binder/plasticizer system to that used for fabrication of graded expansion 
components. Pressure, typically 10-20kN*m' 2 , was applied across the joint 
surfaces during the heat-treatment of these assemblies to aid bonding. The joints 
produced by each of these methods were found to have excellent mechanical 
properties, and were crack-free in the cases where the material of the bond had a 
similar or slightly lower expansion coefficient than the ceramic(s) which it was 
being used to join. 



Example 2 

This example shows a high expansion glass ceramic with open porosity based on 
glass 1 1 . 

Glass 1 1 , which contains no B 2 0 3 (Table 1 ) was separated into two fractions prior 
to the milling stage of processing. One of these fractions was milled to yield a 
glass powder with an average particle size of 5-1 O^m. The other fraction was 
crystallised by holding at 1050°C for 1 hour prior to undergoing a similar milling 
operation. The two fractions were intimately mixed in various proportions and, 
with the aid of an polyacrylate binder, the thereby formed mixtures were pressed 
into pellets 13mm in diameter and approximately 5mm thick. After heating slowly 
to 500°C to remove the polyacrylate binder, these pressed pellets were heated to 
1100°C at 12°C/min, held at this temperature for 1 hour and then cooled to below 
500°C at 10°C/min. Cooling from 500°C to room temperature was at furnace rate. 
Measurements after heat-treatment revealed that the pellet produced entirely from 
the vitreous precursor powder had an open porosity of < 2 % whereas that 
produced from the pre-crystallised powder alone had in excess of 25% open 
porosity. The pore diameters in these materials were generally in the range 1 to 
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10 microns. In all cases, the expansion coefficient of the heat-treated 
glass-ceramic was 14.5 x 10' 6 ± 0.5 x 10" 6 °C 1 (20-950°C). 

The glass-ceramic materials which are the subject of the invention have the 
unusual combination of high thermal expansion coefficient (above 10x10"* °C" 1 
)(20-950°C) and a high softening point (~1000°C or above). As such, these 
materials can be bonded to, and matched in thermal expansion to a range of 
technologically useful materials such as oxygen ion-conducting and mixed 
ion/electron-conductiong ceramic membranes in high temperature electrochemical 
devices (SOFC's, as gas analysers, oxygen separators etc). 

In addition to this, the level of open porosity can be tailored to suit specific modes 
of application. For example, in the case where the glass-ceramic was required to 
act as gas-tight structural element in a high temperature electrochemical cell (e.g. 
support frame or gas manifold), open (connected) porosity can be avoided by 
selection of appropriate processing stages during the fabrication of the 
glass-ceramic component. If, on the other hand, the glass-ceramic were required 
to be porous such that permeation of gas through the material was possible (e.g. 
as a porous support for a ceramic membrane), then modifications to the 
processing stages could be made to arrive at a glass-ceramic material with a level 
of open porosity in excess of 20%. 
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Claims 

1. A self-supporting glass-ceramic material possessing high softening 

temperature (- 1000°C or above) and a thermal expansion coefficient 
in excess of 10x1Cr 6 °C' 1 (20-950°C), 
characterised in that 

the said material comprises, on a weight percent basis, 10-35% MgO, 
10-55% BaO and 25-50% Si0 2 and the said material is formed by the 
following steps: 

a) melting of glass raw material at a temperature in excess of 1450°C and 
that the thereby formed melt is cooled rapidly to a temperature below 
900°C and thereafter to ambient temperature to form a precursor glass, 

b) milling of the precursor glass into a sinterable glass powder with an 
average particle size in the range 1 micron to 100 microns, 

c) forming of the glass powder into a green body of suitable shape, with or 
without organic processing aids, and subjecting said green body to a 
thermal treatment comprising a heating stage of average heating rate 
not exceeding 100°C/minute between the temperatures of 750°C and 
900°C. 

2. Glass ceramic material according to claim 1, 
characterised in that 

the said material comprises, on weight percent basis, 10-35% MgO f 
10-55% BaO and 25-50% Si0 2 and up to 5% B 2 0 3 and possibly up to 
15% of other metal oxides and suited glass ceramic components such 
as fluorides, nitrides etc. 

3. : Glass ceramic material according to claim 1 , 
characterised in that 

the average particle size of the glass powder milled in step b) is 2 - 50 
microns. 
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4. Glass ceramic material according to claim 1 , 
characterised in that 

a pre-crystallised glass powder having the same composition as the 
precursor glass powder is added to the precursor glass powder from 
step b) prior to formation of the green body. 

5. Glass ceramic material according to claim 1 , 
characterised in that 

the pre-crystallised glass powder is produced by heating a cooled 
precursor glass from step a) to a temperature in excess of 800°C to 
initiate crystallisation, and th ren milled as in step b). 

6. Glass ceramic material according to claim 1 , 
characterised in that 

the green body in step c) is further heated to a temperature in excess 
of 900°C, preferably in excess of 1000°C, to attain a degree of 
crystallisation of at least 50 vol% . 

7. j ^ ^S--aswmeans 
for joining different types of material having identical or different 
thermal expansion coefficients. 

8. Use of the glass ceramic material according to claims 1 - 6 as a 
support material for an ion/electron conducting ceramic membrane. 
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